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Abstract
Background: This study was aimed primarily at testing in the liver of brown trout (Salmo trutta)
spectrophotometric methods previously used to measure the activities of catalase and hydrogen
peroxide producing oxidases in mammals. To evaluate the influence of temperature on the
activities of those peroxisomal enzymes was the second objective. A third goal of this work was
the study of enzyme distribution in crude cell fractions of brown trout liver.
Results: The assays revealed a linear increase in the activity of all peroxisomal enzymes as the
temperature rose from 10° to 37°C. However, while the activities of hydrogen peroxide producing
oxidases were strongly influenced by temperature, catalase activity was only slightly affected. A
crude fraction enriched with peroxisomes was obtained by differential centrifugation of liver
homogenates, and the contamination by other organelles was evaluated by the activities of marker
enzymes for mitochondria (succinate dehydrogenase), lysosomes (aryl sulphatase) and microsomes
(NADPH cytochrome c reductase). For peroxisomal enzymes, the activities per mg of protein
(specific activity) in liver homogenates were strongly correlated with the activities per g of liver and
with the total activities per liver. These correlations were not obtained with crude peroxisomal
fractions.
Conclusions:  The spectrophotometric protocols originally used to quantify the activity of
mammalian peroxisomal enzymes can be successfully applied to the study of those enzymes in
brown trout. Because the activity of all studied peroxisomal enzymes rose in a linear mode with
temperature, their activities can be correctly measured between 10° and 37°C. Probably due to
contamination by other organelles and losses of soluble matrix enzymes during homogenisation,
enzyme activities in crude peroxisomal fractions do not correlate with the activities in liver
homogenates. Thus, total homogenates will be used in future seasonal and toxicological studies of
brown trout peroxisomes.
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Background
A literature survey on animal peroxisomes reveals that
most studies are confined to laboratory mammals and hu-
mans. The scarcity of knowledge on other vertebrate and
invertebrate species, and the need for more comparative
studies has been recently emphasised [1–3]. Nevertheless,
it is known that fish peroxisomes have enzymatic systems
similar to those reported in mammals. Catalase, D-amino
acid oxidase, urate oxidase, allantoinase, allantoicase, L-
α-hydroxyacid oxidase, alanine:glyoxylate aminotrans-
ferase, fatty acyl-CoA oxidase, enoyl-CoA hydratase and
carnitine acetyltransferase are among the enzymes that
were detected in fish peroxisomes [3–10]. It is also known
that peroxisomal metabolism is lower in fish than in
mammals. For example, in the liver of rainbow trout (On-
chorynchus mykiss) and Japanese medaka (Oryzias latipes)
peroxisomal enzyme activities are at least four folds lower
than in rodent liver. These results were either assigned to
a reduced number of peroxisomes per hepatocyte, or a
lower amount of peroxisomal enzymes, or both [9].
The research in fish revealed that environmental factors
like water temperature, salinity, season and feeding hab-
its, exerted changes in peroxisomal enzyme activities that,
additionally, vary greatly among species [1]. It was also
discovered that season, age and gender affect the mor-
phology of fish liver peroxisomes. In the gray mullet
(Mugil cephalus) hepatic peroxisomes tend to be larger in
summer and in aged animals [11]. Moreover, in the liver
of brown trout (Salmo trutta) both the individual dimen-
sions of peroxisomes and their total volume per hepato-
cyte, but not their number, change during the annual
breeding cycle in both genders [12]. Yet, in the latter spe-
cies hepatic peroxisomes are significantly smaller in fe-
males than in males during the breeding season [12].
These observations raised the question about the kind of
biochemical changes that may be associated with those
morphological variations detected in fish liver peroxi-
somes. To measure some peroxisomal enzyme activities in
brown trout liver, a method originally applied for mam-
malian peroxisomal hydrogen peroxide producing oxi-
dases [13] was tested for the first time in fish. Catalase, a
well-known peroxisomal marker enzyme [14], was also
included in this work. Since the temperature is an impor-
tant factor that affects enzyme activities, its influence on
several trout peroxisomal enzymes was investigated. This
work also aimed at studying the distribution of several
peroxisomal enzymes in crude cell fractions. To control
the amount of cross contamination in the crude peroxiso-
mal fraction by other organelles, standard spectrophoto-
metric procedures were used in order to measure the
activity of marker enzymes of mitochondria (succinate de-
hydrogenase), lysosomes (aryl sulphatase) and micro-
somes (NADPH cytochrome c reductase). Finally, this
paper reports the first data about the activities of peroxiso-
mal enzymes in the liver of brown trout.
Results
Temperature and sample concentration tests
Since protein content and enzyme activities in brown
trout liver were much different from those reported in ro-
dent liver, several sample dilutions were tested in order to
determine the best proportion between protein concen-
tration and the concentration of all other components in
the incubation medium. Therefore, after the dilution of
homogenates and fractions the following final protein
concentrations were used: 2 and 4 µg ml-1 for catalase, 45
and 90 µg ml-1 for D-aminoacid oxidase and fatty acyl-
CoA oxidase, 10 and 20 µg ml-1 for urate oxidase, 0.15
and 0.3 mg ml-1 for glycolate oxidase and succinate dehy-
drogenase, 0.2 and 0.4 mg ml-1 for both aryl sulphatase
and NADPH cytochrome c reductase. With these two dilu-
tions for each enzyme, activities were linear in time and a
good proportionality between enzymatic activity and the
amount of protein was obtained. These sample concentra-
tions also provided results with low variability between
the two dilutions used (Coefficient of Variation ≤ 0.05)
and high reproducibility between replicates of the same
dilution (CV ≤ 0.02).
In brown trout liver homogenates, a linear relationship
between temperature and enzyme activity was found for
the five peroxisomal enzymes tested (Fig. 1). The activities
of peroxisomal oxidases were highly influenced by tem-
perature whereas catalase was only slightly affected. In
fact, the activity of urate oxidase was strongly dependent
on temperature, since its activity at 37°C was about five
times higher than at 10°C. Also between 10 and 37°C,
fatty acyl-CoA oxidase and D-aminoacid oxidase activities
raised about four times. Glycolate oxidase, also known as
L-α-hydroxyacid oxidase A, seems to be slightly less influ-
enced by temperature since its activity showed an incre-
ment of 3.4 times within this temperature range. In
contrast, catalase activity increased only 1.2 times be-
tween 10 and 37°C.
Measurement of enzyme activities
Catalase is the peroxisomal enzyme with the highest activ-
ity in brown trout liver. Urate and D-aminoacid oxidases
were, among the hydrogen peroxide producing oxidases,
those with the highest activities in liver homogenates (A
fraction) and in the crude peroxisomal fraction (D frac-
tion). Such differences in the activity of peroxisomal oxi-
dases, well noticed at the physiological temperature of
10–15°C, become more pronounced when the assays are
made at higher temperatures. Specific activities of peroxi-
somal enzymes were about twice as higher in D fraction
than in A fraction (Table 1), as expected for a crude perox-
isomal fraction. All the peroxisomal enzymes had theBMC Biochemistry 2003, 4 http://www.biomedcentral.com/1471-2091/4/2
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same pattern of distribution in liver fractions, with high
relative specific activities in D fraction, and their pattern
of distribution is clearly different from the marker en-
zymes of other organelles (Fig. 2). Moreover, the cytosolic
F fraction had high distribution percentages for these en-
zymes too (Table 2). Presumably, part of the peroxisomal
soluble matrix enzymes ended in the supernatant as a re-
sult of membrane damage during homogenisation. How-
ever, due to the high amount of protein in F fraction, both
the specific activities and the relative specific activities
were low in this fraction (Fig. 2 and Table 1).
Fraction D also showed high percentage distributions (Ta-
ble 2) and elevated specific activities for the enzymatic
markers of both mitochondria (succinate dehydrogenase)
and lysosomes (aryl sulphatase) (Table 1). Moreover, the
relative specific activities of succinate dehydrogenase and
aryl sulphatase showed that they were more or less equally
distributed both in B and D fractions (Fig. 2). Nonethe-
less, percentage distribution, specific activity and relative
specific activities of these two enzymes were lower in E
and F fractions than in the other fractions (Fig. 2, Tables 1
and 2). Considering the microsomal marker enzyme
NADPH cytochrome c reductase, it was observed that in D
fraction its activity was less than half of that determined in
E fraction (Table 1).
The percentage distribution of peroxisomal enzymes in D
fraction (Table 2) ranged from 22.7 for fatty acyl-CoA ox-
idase to 34.2 for catalase, but according to ANOVA such
differences have no statistical significance. The same was
verified in both B and E fractions. However, in F fraction
the percentage distribution of catalase (38.2) is signifi-
cantly different from the percentage distribution of fatty
acyl-CoA oxidase (66.5), although no other statistical dif-
ferences among peroxisomal enzymes were found within
this fraction (Table 2).
Statistical analyses also revealed that specific activities of
peroxisomal enzymes in D fraction did not have any ex-
plicit pattern of correlation with the specific activities in
fraction A, neither with the activities per g of liver or per
liver. Contrastingly, in fraction A it was observed that for
each peroxisomal enzyme there was a strong and positive
correlation between the specific activity and the activity
per g of liver: urate oxidase (r = 0.96; p = 0.002); D-ami-
Figure 1
Temperature influence on the activity of peroxisomal enzymes. The regression lines express the relationship 
between temperature and activity (s-1 ml-1 for catalase and nmol min-1 ml-1 for the others) for five peroxisomal enzymes in 
brown trout liver homogenates. For each line the regression coefficient is showed between brackets. Data was obtained from 
4 fishes. Assays were carried out as described under Methods.BMC Biochemistry 2003, 4 http://www.biomedcentral.com/1471-2091/4/2
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Figure 2
Relative specific activities of marker enzymes in cell fractions. Distributions of several marker enzymes from the liver 
of brown trout in B, D, E and F fractions. For details of centrifugation conditions see Methods.BMC Biochemistry 2003, 4 http://www.biomedcentral.com/1471-2091/4/2
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Table 1: Specific and per g enzyme activities in brown trout liver
Enzymes Activity per g of liver
s-1 g-1 liver (*)
or nmol min-1 g-1 liver
Specific activity
s-1 mg-1 protein (*) or
nmol min-1 mg-1 protein
ABDEF
Peroxisomal markers
Catalase (*) 95.9 (0.4) 1.3 (0.2) 2.0 (0.3) 3.5 (0.3) 0.4 (0.3) 0.6 (0.2)
Urate oxidase 790.4 (0.6) 10.3 (0.6) 13.0 (0.7) 22.6 (0.6) 4.7 (0.8) 8.8 (0.8)
D-aminoacid oxidase 471.0 (0.6) 6.0 (0.4) 8.9 (0.5) 14.4 (0.1) 1.4 (0.4) 3.5 (0.4)
Fatty acyl-CoA oxidase 73.3 (0.5) 1.0 (0.4) 0.4 (0.5) 1.5 (0.3) 0.3 (0.8) 1.0 (0.5)
Glycolate oxidase 60.2 (0.5) 0.8 (0.3) 0.8 (0.4) 2.3 (0.4) 0.5 (0.5) 0.7 (0.4)
Mitochondrial marker
Succinate dehydrogenase 310.7 (0.5) 3.6 (0.3) 29.1 (0.5) 27.8 (0.5) 1.4 (0.7) 0.2 (0.6)
Lysosomal marker
Aryl sulphatase 275.0 (0.2) 3.2 (0.4) 10.4 (0.5) 10.6 (0.5) 2.4 (0.4) 1.4 (0.4)
Microsomal marker
NADPH cytochrome c 
reductase
2520 (0.4) 32.5 (0.3) 29.2 (0.4) 41.8 (0.3) 99.0 (0.5) 11.5 (0.3)
Protein per g of liver 
(mg g-1 liver)
Total protein per fraction 
(mg)
77.8 (0.2) 225.6 (0.2) 26.4 (0.5) 22.3 (0.3) 25.4 (0.6) 128.4 (0.2)
Activities per g of liver and specific activities were measured at 37°C in liver homogenates and cell fractions. Protein per mg of liver and in cell frac-
tions is also given. A – liver homogenates; B – crude mitochondrial/lysosomal fraction; D – crude peroxisomal fraction; E – crude microsomal frac-
tion; F – cytosolic fraction. Presented data are a mean from 6 fishes and the coefficient of variation is given in brackets. (*) – Catalase activity is 
expressed by the first-order rate constant (s-1) and all other enzyme activities are express in nmol min-1, per mg of protein or per g of liver.
Table 2: Percentage distribution of the marker enzymes
Enzymes Percentage Distribution (%)
BDEF
Peroxisomal markers
Catalase 23.0 (0.3) 34.2 (0.2) 4.6 (0.8) 38.2 (0.2)
Urate oxidase 14.2 (1.0) 28.7 (0.4) 6.0 (0.7) 51.1 (0.2)
D-aminoacid oxidase 21.2 (0.5) 30.5 (0.2) 4.2 (1.0) 44.1 (0.3)
Fatty acyl-CoA oxidase 7.1 (0.7) 22.7 (0.3) 3.7 (0.6) 66.5 (0.2)
Glycolate oxidase 11.6 (0.7) 27.3 (0.2) 7.7 (0.6) 53.5 (0.2)
Mitochondrial marker
Succinate dehydrogenase 56.0 (0.1) 40.4 (0.2) 1.9 (0.5) 2.2 (0.8)
Lysosomal marker
Aryl sulphatase 37.4 (0.4) 30.5 (0.3) 7.9 (0.7) 24.4 (0.2)
Microsomal marker
NADPH cytochrome c 
reductase
15.5 (0.6) 18.2 (0.5) 38.5 (0.4) 27.9 (0.5)
Protein 12.9 (0.4) 11.1 (0.2) 12.0 (0.4) 64.0 (0.1)
Percentage distribution of enzymes and protein in brown trout liver fractions. B – crude mitochondrial / lysosomal fraction; D – crude peroxisomal 
fraction; E – crude microsomal fraction; F – cytosolic fraction. Data are a mean from 6 fishes and the coefficients of variation are given in brackets.BMC Biochemistry 2003, 4 http://www.biomedcentral.com/1471-2091/4/2
Page 6 of 9
(page number not for citation purposes)
noacid oxidase (r = 0.99; p = 0.0002); fatty acyl-CoA oxi-
dase (r = 0.96; p = 0.002); glycolate oxidase (r = 0.95; p =
0.003); catalase (r = 0.89; p = 0.02). In this fraction, the
specific activity of each oxidase was also highly correlated
with the total activity per liver: urate oxidase (r = 0.97; p =
0.001); D-aminoacid oxidase (r = 0.86; p = 0.03); fatty
acyl-CoA oxidase (r = 0.97; p = 0.001); glycolate oxidase
(r = 0.94; p = 0.005).
Discussion
One of the purposes of this study was to test in brown
trout liver the spectrophotometric method originally used
by Cablé et al. [13] for measurement of peroxisomal oxi-
dase activities in mammalian tissues. However, some
modifications were introduced and the method was ex-
tended to urate and glycolate oxidases. To calculate the
amounts of H2O2 produced by these enzymes, instead of
using the extinction coefficient previously published [13],
a calibration line was made with known amounts of
H2O2. Others also made similar calibration lines, but
when using luminometric methods [15] and fluorometric
techniques [16].
Since the physiological temperature is much lower in
brown trout than in mammals, temperature influence in
the activity of five peroxisomal enzymes was investigated.
The results showed that the activities of these enzymes
rose in a linear mode from 10 to 37°C, but while the ac-
tivity of hydrogen peroxide producing oxidases were
strongly influenced by temperature, catalase activity was
only slight affected. This last observation is in total ac-
cordance with previous data regarding catalase activity in
mammals [14]. Therefore, these enzymatic activities can
be measured at whatever temperature within the above-re-
ferred range. However, at 37°C activities are higher and
therefore easier to measure than at the physiological tem-
peratures of brown trout (10 – 15°C). In fact, other au-
thors have used a wide range of temperatures in studies
involving fish peroxisomal enzymes. For example, in carp
(Cyprinus carpio) catalase activity was determined at 25°C
whereas urate oxidase, fatty acyl-CoA oxidase and glyco-
late oxidase were measured at 37°C [4,5,17] and in rain-
bow trout (O. mykiss) catalase activity was determined on
ice whereas fatty acyl-CoA oxidase was measured at 15°C
[18].
Some similarities are evident when crude cell fractions of
rat liver [19] are compared with those obtained from
brown trout liver. In both species relative specific activities
of catalase and hydrogen peroxide producing oxidases are
higher in the D fraction obtained using very similar cen-
trifugation procedures. Moreover, catalase and glycolate
oxidase (or L-α-hydroxyacid oxidase) present a high per-
centage distribution in the cytosolic fraction of rat and
brown trout, has expected for soluble matrix enzymes re-
leased from peroxisomes due to membrane damage dur-
ing homogenisation. On the other hand, urate oxidase is
not detectable in the supernatant of rat liver [19] while in
brown trout about 50% of urate oxidase activity can be
found in the supernatant. This discrepancy is due to a fun-
damental difference between brown trout and mammali-
an urate oxidase, which behaves exactly like a soluble
matrix enzyme in the former but is a crystallised core en-
zyme in the latter. Indeed cores were neither found in
brown trout liver peroxisomes [12] or in other fish species
[3]. Although urate oxidase was described as a membrane-
linked enzyme in carp liver peroxisomes [17] in other fish
species was considered a soluble matrix enzyme [6] as it
seems to be in brown trout liver peroxisomes.
Differences between rat and brown trout crude liver frac-
tions are also evident in the microsomal fraction, in which
the percentage distributions of peroxisomal enzyme activ-
ities are higher in rat than in brown trout [19].
The absence of correlations between D fractions and total
liver homogenates showed that enzyme activities in per-
oxisomal enriched fractions are not proportional to the
activities in homogenates. The contamination of crude
peroxisomal fractions with other organelles and the sub-
stantial loss of soluble matrix enzymes can explain this re-
sult. Because of these facts, and knowing that in rainbow
trout the gradient centrifugation of the crude peroxisomal
fraction produced a further decrease in the activities of
some oxidases [18], in future seasonal and toxicological
studies about brown trout peroxisomes total homoge-
nates will be used instead of cell fractions. Moreover, var-
iation coefficients suggest that enzyme activities have
relevant individual variability in brown trout. Thus, very
subtle differences due to experiments or natural events
may pass unnoticed when working with a small number
of animals.
Conclusions
In conclusion: 1) the spectrophotometric protocols used
for measurement of mammalian peroxisomal enzymes
can be successfully applied to brown trout; 2) the enzy-
matic activities of the peroxisomal enzymes studied by us
can be correctly measured between 10° and 37°C, this be-
cause their activity rose in a linear mode with tempera-
ture, with catalase activity increasing only slightly; 3) for
peroxisomal enzymes in brown trout liver homogenates
there is a clear correlation between specific activity and ac-
tivity per g of liver or per liver; 4) during preparation of
cell fractions enriched with peroxisomes a significant
amount of matrix enzymes are loosed, and the remaining
enzyme activities are not correlated with the activities in
liver homogenates.BMC Biochemistry 2003, 4 http://www.biomedcentral.com/1471-2091/4/2
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Methods
Fish
Two-year-old brown trout males (n = 6) were collected by
random net fishing from aquaculture pools (Posto Aquí-
cola do Torno – Amarante, Portugal) in late February. Fish
of 188 g (coefficient of variation, CV = 0.10) in weight and
26 cm (CV = 0.04) in length were kept in dechlorinated
water (pH 6–7, at 8–10°C) for 1–2 days before sacrifice.
Mean liver weight was 3.0 g (CV = 0.30).
Chemicals
Cofactors, substrates for enzyme assays and bovine serum
albumin (BSA) were purchased from Sigma Chemical Co.
(Poole, Dorset, U.K). Other chemicals were obtained
from Merck (Darmstadt, Germany).
Preparative procedures
Animals were anaesthetised by bathing in a solution of
ethylene glycol monophenyl ether (0.4 ml l-1) and then
perfused at 5.6 ml min-1 kg-1 via the portal venous system
for 4–5 min with an isosmotic buffer for salmonids [20].
The liver was weighted just after removal, immediately
minced in chilled homogenization buffer with a pH of 7.4
(250 mM sucrose, 5 mM MOPS, 1 mM EDTA and 0.1%
ethanol saturated with phenyl-methyl-sulfonyl-fluoride
PMSF) [17] and then homogenized in the same buffer us-
ing a Potter-Elvehjem homogenizer at 1000 rpm, held in
an ice-water-bath. After sedimentation of unhomoge-
nized material (50 g, 10 min, 4°C) according to Cajar-
aville et al. [21], supernatant volume was adjusted to 5 ml
g-1 of liver using ice-cold homogenisation buffer (A frac-
tion). A previously described method [17] was used for
differential pelleting of the A fraction in order to produce
a B fraction containing mainly mitochondria and lyso-
somes (2,000 g, 10 min, 4°C), a D fraction enriched with
peroxisomes (20,000 g, 30 min, 4°C), a E fraction en-
riched with microsomes (100,000 g, 60 min, 4°C) and a
cytosolic F fraction (supernatant of 100,000 g, 60 min,
4°C). Pellets (B, D and E) were rinsed once by
resuspension in an appropriate volume of buffer using a
glass-rod and recentrifuged under the same conditions.
Before enzymatic assay, all fractions were treated with Tri-
ton X-100 at a final concentration of 0.5% (v/v) in ho-
mogenization buffer. Proteins were assayed according to
Lowry et al. [22] using BSA standards and results are ex-
pressed in BSA equivalents (Table 1).
Enzyme assays
Enzymatic assays were carried out in a spectrophotometer
connected to a circulating water system for temperature
regulation in the cuvette compartment. Enzyme activities
linear in time and proportional to the amount protein in
the assays were obtained using an appropriate sample di-
lution. Two different dilutions of each sample were used
to produce a mean value of enzymatic activities. Temper-
ature effect on peroxisomal enzyme activities was evaluat-
ed by measurements made at 10, 15, 20, 25, 30 and 37°C.
Catalase
For catalase the methodology previously described by
Aebi [14] was used. Incubation medium contained 50
mM sodium phosphate buffer (pH 7), 10 mM hydrogen
peroxide (H2O2) and a diluted sample. Consumption of
H2O2 was followed by the decrease in absorbance at 240
nm for 30 seconds and the activity is expressed by the first-
order rate constant (k) for degradation of H2O2. k = (1 ÷
∆t) × ln (c1 ÷ c2) where c1 and c2 correspond to H2O2 con-
centrations at t = 0 and t = 30 seconds, respectively [14].
Peroxisomal oxidases
Measurement of peroxisomal oxidase activities was based
on the production of H2O2 and followed the procedure of
Cablé et al. [13] with some modifications. Incubation me-
dium contained 50 mM potassium phosphate buffer (pH
8.3), 0.082 mM 4-amino-antipyrine, 1 mM phenol and 2
IU ml-1 of horseradish peroxidase. To avoid the interfer-
ence of catalase, 10 mM of azide was added to the medi-
um, according to Leupold et al. [15]. For glycolate oxidase
assay, 0.01 mM flavin mononucleotide (FMN) was added
in the medium [23]. For other oxidases, 0.01 mM flavin
adenine dinucleotide (FAD) was included in the medium
[13,23]. Substrates were used in the following concentra-
tions: 20 mM D-alanine, 1 mM uric acid, 0.1 mM
palmitoyl-CoA (C:16) and 20 mM sodium glycolate. Each
enzymatic reaction was started by addition of 25 µl of a di-
luted sample to 650 µl of incubation medium. Absorb-
ance increase was measured at 500 nm for 10 min. For
urate oxidase, a baseline was made with the complete me-
dium without sample, which was thereafter subtracted
from the absorbance increase in each assay. This proce-
dure was not necessary for all other assayed oxidases, be-
cause non-specific reactions were not detected in other
cases.
The amount of H2O2 (in µM) produced by peroxisomal
oxidases was calculated from the equation of the calibra-
tion line: [H2O2] = 185.07 × Absorbance at 500 nm. This
line (Fig. 3) showed a regression coefficient of 1.0 and was
constructed using several standards of H2O2, which were
added to the incubation medium without sample. The
concentration of the H2O2 standards was calculated from
the absorbance at 240 nm (ε = 39.4 M-1 cm-1) [24].
Succinate dehydrogenase
Succinate dehydrogenase activity was estimated according
to Schoner et al. [25]. Incubation medium contained 50
mM potassium phosphate buffer (pH 7.5), 5 mM sodium
succinate, 1 mM potassium cyanide, 0.1 mM 2,6-dichlo-
rophenol indophenol (DPIP), and a diluted sample. The
extinction coefficient of DPIP at 600 nm, determined withBMC Biochemistry 2003, 4 http://www.biomedcentral.com/1471-2091/4/2
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several standard solutions ranging from 0 to 100 µM of
DPIP (ε = 17.3 mM-1 cm-1), was used to calculate the ac-
tivity [25].
Aryl sulphatase
Measurements of aryl sulphatase activity followed the
method of Worwood et al. [26]. Incubation medium con-
tained 0.5 M acetate buffer (pH 5.6), 20 mM nitrocatechol
sulphate and a diluted sample. The reaction was stopped
by addition 1 ml of 1 M sodium hydroxide and the extinc-
tion coefficient of nitrocatechol solutions at 515 nm (ε =
12.4 mM-1 cm-1) was used to calculate the activity [26].
NADPH cytochrome c reductase
Measurements of NADPH cytochrome c reductase activity
followed the method of Johannesen et al. [27]. Incuba-
tion medium contained 0.1 M TRIS-HCl buffer (pH 7.6),
10 mM potassium cyanide, 0.4 mM oxidised cytochrome
c, 3 mM NADPH and a diluted sample. This reaction was
started by addition of NADPH. Activity calculations were
based upon the extinction coefficient of a reduced cyto-
chrome c solution at 550 nm (ε = 19.6 mM-1 cm-1) [28].
Calculations, units and statistical analysis
The percentage distribution [(protein or enzyme activity
in one fraction ÷ Σ of protein or enzyme activity in frac-
tions B to F) × 100] and the relative specific activity [per-
centage distribution of the enzyme in one fraction ÷
percentage distribution of protein in that fraction] were
calculated as in other papers [5]. Catalase activity is ex-
pressed by the first-order rate constant in s-1 g-1 of liver
and s-1 mg-1 of protein, for all others, results are given in
nmol min-1 g-1 of liver and nmol min-1 mg-1 of protein.
Data are reported as means per group of animals, fol-
lowed by the respective coefficients of variations (CV =
standard deviation ÷ mean). Correlation analysis was
used to establish several relationships considered biologi-
cally or technically relevant. Results were judged signifi-
cant when p ≤ 0.05 as reported by Pearson's coefficient of
correlation (r). A linear regression analysis was made to
study enzyme activities at six different chosen
temperatures.
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